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Abstract

The Internet of Things (IoT) has witnessed exponential growth, enabling a plethora of smart ap-
plications ranging from wearable devices to smart cities. However, the widespread adoption of IoT
devices hinges on their ability to operate with minimal power consumption. However, one of the critical
challenges in IoT design is the need for ultra-low power consumption to enable long battery life and
energy harvesting. Moreover, systems powered by energy harvesting sources need to operate effectively
with lower supply voltages. Similarly, systems relying on miniaturized batteries must be capable of
functioning over a broad range of supply voltages, eliminating the necessity for voltage regulators.

Low power, high precision and low supply voltages are the primary requirement of an IoT based
design. Voltage and current references are the basic blocks used in IoT based system. This thesis
focuses on the designing of Voltage and current references circuit with low power consumption, low
supply voltage and high precesion without using any external calibration circuit.

Firstly. the thesis introduces a All-in-one low-power, voltage and current reference design into a
single block without using any external calibration. The design works with a supply of 1V with a power
consumption of 37nW shows temeprature invariancy through a wide tempertaure range of -40 to 100°C.
This design specification shows the best results among the previous state-of-art works. Furthermore, in
response to the growing demand of low power high precsion circuits we designed an ultra-low power
current reference circuit which is independent of temperature, voltage and process without using any
extra trimming circuitry. The design works with a supply of 0.8V and generates a refrence current of
543pA by consuming a power of 3.3nW. Lastly, we come up with a novel design of voltage reference.
The proposed work is designed in 180nm with a supply voltage of 0.6V with an excellent Line sensitivity
of 0.0012/V without using an external calibration circuit.

In summary, this thesis encompases the circuit designing of low power, low voltgae and high accu-
racy voltage and current references without using resistors, amplifiers and external calibration circuit

used in IoT applications.

vi
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Chapter 1

Introduction

In the past seventy years, computing systems have undergone a remarkable transformation, transi-
tioning from isolated interactions with computers to their ubiquitous integration into our daily lives.
Initially, the collection of data on the internet relied heavily on human input and intervention. However,
as the volume of data grew exponentially, there arose a need for a new paradigm where systems could
autonomously interact with their environment. This marked the advent of the Internet of Things (IoT),
a technological era characterized by the interconnection of everyday objects to networks. This connec-
tivity revolutionizes how we interact with the world around us, creating new possibilities for innovative

services and opportunities.

As the Internet of Things (I0T) grows, there is a greater need for devices that can operate efficiently.
This demand for energy-efficient devices is driving the expansion of the IoT market, which has the
potential to become the largest electronics market globally. With almost everything now connectable to
the internet, the IoT market continues to expand rapidly. The graph below shows a steady increase in

global active IoT connections, indicating a growing market size in billions of dollars over the years.

IoT applications rely heavily on analog circuit design to interface with the physical world. Analog
circuits are crucial for tasks such as sensor signal conditioning, analog-to-digital conversion, power
management, and wireless communication. These circuits play a vital role in ensuring that IoT devices
can accurately sense, process, and communicate data in real-world environments. In general, these
applications typically exhibit low-speed operation, low accuracy requirements, and low activity rates.
However, they can greatly benefit from enhanced energy efficiency, which enables increased portability,
reduced complexity, and cost savings. Researchers around the globe are confronted with the complex
task of modifying different Internet of Things (IoT) subsystems, such as sensing networks, biasing
networks, and radio frequency transmission circuitry, to accommodate the evolving requirements of IoT
devices. To tackle these challenges, this thesis presents a comprehensive set of circuit-level techniques

and system-level optimizations tailored to meet the diverse demands of emerging IoT applications.
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Market volume in billion U.S. dollars

Figure 1.1: Market size revenue (in billion dollar) forecast worldwide from 2011 to 2027

1.1 Motivation behind low-power Analog circuits for IoT applications

The motivation behind low-power analog circuits for IoT applications stems from the unique re-
quirements of IoT devices. [oT devices are often deployed in remote or hard-to-reach locations and are
powered by batteries or energy harvesters. As such, they must operate efficiently to prolong battery life
or operate in energy-constrained environments. Low-power analog circuits are essential in IoT devices

for several reasons:

* Energy Efficiency: Low-power analog circuits help minimize energy consumption, extending
the operational life of battery-powered IoT devices and reducing the need for frequent battery
replacements. Energy-efficient circuits are often more reliable than their high-power counterparts.
They generate less heat, which can reduce the risk of component failure and ensure consistent

performance over time.

* Cost-Effectiveness: By reducing power consumption, low-power analog circuits can lead to cost
savings, as smaller batteries or energy harvesters can be used.

* Scalability: Low power Analog circuits are crucial for the scalability of IoT deployments. As the
number of connected devices grows, the demand for energy-efficient solutions becomes increas-
ingly important to manage power consumption effectively.

This thesis aims to delve into the intricate design considerations, innovative methodologies, and compre-

hensive system-level optimizations essential for Low Power Analog Circuit Design in IoT and Biomedi-



cal Applications. It investigates the unique challenges posed by these fields, ranging from the imperative
of extended battery life and effective energy harvesting in IoT devices to the stringent power constraints

and biocompatibility prerequisites in biomedical scenarios.

By thoroughly examining these design principles, the significance of this thesis emerges. It ad-
dresses the urgent needs of our progressively interconnected world and the constantly evolving realm of
healthcare technology, where efficient, low-power analog circuits have the potential to not only augment
device functionality but also enhance the quality of life for individuals. This endeavor aims to unlock the
full potential of IoT and Biomedical Applications, offering solutions that are not only technologically

advanced but also environmentally sustainable and centered on human well-being.

1.2 Thesis Organisation

In this thesis, we introduced ultra-low power analog circuits designed for IoT and biomedical appli-
cations, focusing on the importance of voltage and current references. These references are critical in
IoT systems, requiring them to adjust their power consumption to meet new demands. In systems with
analog-to-digital converters (ADCs), voltage and current references play a crucial role in calibrating
the ADCs for accurate digitization of analog signals. They are also essential in circuits requiring tem-
perature compensation, ensuring stable performance across varying temperatures. Additionally, voltage
and current references are used in biasing networks to set component operating points, ensuring proper
circuit functionality. It is essential for these references to operate accurately over a wide temperature

range without the need for external trimming circuits.

Chapter [2] of this thesis presents the foundational knowledge required for designing voltage and
current references tailored for ultra-low-power IoT and biomedical applications. The chapter explores
diverse techniques for temperature compensation, improving supply sensitivity, and ensuring process
invariance for these references. Furthermore, it examines the essential parameters and specifications
relevant to analog circuits, such as voltage and current references, highlighting their significance in

circuit design.

Chapter [3] introduces a novel All-in-One low-power, Trim-free Voltage/Current Reference without
using Resistors and Amplifiers designed specifically for IoT and biomedical applications. The voltage
reference is created through the combination of Complementary to Absolute Temperature (CTAT) and
Proportional to Absolute Temperature (PTAT) voltages, while the current reference utilizes a MOSFET
in its linear region to function as a resistor, minimizing power consumption without increasing the
device’s form factor. Implemented in a 90nm CMOS process, the proposed voltage/current reference
achieves an output voltage and current of 820mV and 3.23nA, respectively. Notably, the reference
design does not require trimming, exhibiting a process variation of 1.34% (o /p) / 1.75% (o /1) and a
temperature coefficient of 62ppm/°C / 332ppm/°C over a wide temperature range from -400C to 1000C.
The line sensitivity of the voltage/current reference stands at 0.296%/V / 0.414%/V across a broad



supply range of 1V to 3.5V. Occupying a minimal area of 0.0112mm?, the total power consumption of
the circuit design is measured at 37nW under typical conditions of 27°C and 1V supply.

Chapter [ introduces a sub-1V, sub-nA current reference with the absence of large resistors, hence
occupying a small area. A 593pA temperature-independent current reference is generated by incorporat-
ing a CTAT gate to source voltage and a PTAT drain to source voltage in an NMOS-based subthreshold-
biased circuit. Without trimming, the proposed reference current has + 0.75% variation across the
process corners. The proposed circuit is implemented in a 90nm CMOS process having a temperature
coefficient of 378ppm/oC over a temperature range of -40°C to 100°C and a line sensitivity of 0.198%/V
in a range of supply voltage from 0.8V to 2.8V. A duty-cycle technique is applied to enable 1% duty-
cycling of the CTAT generator, resulting in a reduction in power consumption of the overall circuit. The
area occupied by the resistor-less circuit is 0.0286mm?, while the total power consumption of the design
with duty-cycling technique is 4nW at the typical corner of 27°C and 0.8V supply.

Chapter [5] presents a low-voltage, low-power PVT-invariant voltage reference with excellent line
sensitivity for IoT and biomedical applications. By applying a bias current(/p;,s) in NMOS-based com-
posite pair and bias voltage(V;;45) at the body of NMOS to get the temperature-compensated voltage
reference over a wide temperature range. The proposed design implemented in 180nm CMOS pro-
cess gives an outputs of 141mW which is independent of process, voltage and temperature. Without
trimming, the process variation of proposed design is 1.51%(o/p) and the temperature coefficient of
proposed voltage reference is 23ppm/°C over a wide temperature range of -40°C to 100°C. For a sup-
ply voltage ranging from 0.6V - 2.1V the line sensitivity of the reference is 0.0012%/V. The simulated
results shows that the proposed voltage reference could operate on a minimum supply of 0.6V and the
power supply rejection ratio at 1-Hz is ... .The area occupied by the total circuit is 0.0085mm? , while
the total power consumption of the design is 14.2nW at the typical corner of 27°C and 0.6V supply.

Finally in Chapter[6} the conclusions drawn from the research done so far are presented. Additionally,

potential areas for further improvement and future research directions are discussed.



Chapter 2

Literature Review

2.1 Introduction

The field of microelectronics is witnessing exciting developments in ultra-low power LSIs, offering
significant promise for various applications demanding power efficiency. These LSIs hold particular
relevance for portable mobile devices, implantable medical devices, and smart sensor networks [2].
Given the anticipated deployment in environments with limited energy sources, such as microbatteries
or energy scavenging devices, these devices must operate on ultra-low power levels, typically in the
range of a few microwatts or less [3|.

A critical milestone in advancing these LSIs is the development of voltage and current reference
circuits capable of ultra-low current operation, often in the realm of several tens of nanoamperes or less,
corresponding to sub-microwatt operation. To achieve such remarkable power efficiency, these circuits
must operate in the subthreshold region, where the gate-source voltage of MOSFETs falls below the
threshold voltage [4, |5]].

2.2 Subthreshold region( Weak inversion region) of MOSFETSs

The subthreshold region in MOSFET operation is a crucial domain for achieving ultra-low power
consumption in integrated circuits. In this region, the gate-source voltage of the MOSFET is lower
than the threshold voltage, resulting in a low drain-source current. This region is particularly important
for applications where minimizing power consumption is paramount, such as in IoT devices, biomed-
ical implants, and energy harvesting systems. By operating in the subthreshold region, MOSFETSs can
achieve high energy efficiency, making them ideal for applications requiring long battery life or op-
eration on limited power sources. However, designing circuits to operate in the subthreshold region
poses challenges, including increased sensitivity to process variations and temperature effects, requiring
careful optimization and design techniques.

The subthreshold region of a MOSFET occurs when the gate-source voltage falls below the threshold
voltage. In this regime, a small leakage current, known as subthreshold current, flows through the



MOSEFET. This current exhibits an increasing exponential relationship with the gate-source voltage and
typically operates at the nanoampere level. The subthreshold drain current (/pg) in a MOSFET follows
an exponential relationship with both the gate-source voltage (V) and the drain-source voltage (Vpg)
[6]. Specifically, it is given by:

W 2 Vas —Vru —Vbs
Ips = K, 7 (n l)VTeXp( Vr ) <1 exp Vs > (2.1

where K, = u,Coy, Vi represents the threshold voltage of the transistor, V7 is the thermal voltage and
7 is the sub-threshold slope constant. Fig. [2.1]shows the Ids vs vgs characterstics of a NMOS operating

in subthreshold region at different temperature range.
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Figure 2.1: MOSFET operates in subthreshold region

When the vds of mosfet operates in subthreshold region is greater than 4 times of thermal voltage i.e
the current obtained through the mosfet is independent of Vds and is given by :

Vas — VTH)

2.2
nVr (e2)

W
I'ref = an (77 - 1) VTeXp <

2.3 Process, voltage and temperature independent Analog circuits

Process, voltage, and temperature (PVT) independent analog circuits are essential components in
modern integrated circuit design, particularly for applications requiring high reliability and performance
across varying operating conditions. These circuits are designed to maintain consistent functionality and
performance regardless of manufacturing process variations, supply voltage fluctuations, or temperature
changes. Achieving PVT independence often involves sophisticated design techniques, such as us-

ing compensation circuits to counteract process variations, designing circuits with wide supply voltage



ranges, and employing temperature compensation methods. PVT independent analog circuits are par-
ticularly valuable in applications where precise and stable analog signal processing is critical, such as

in sensor interfaces, data converters, and communication systems.

2.3.1 Temperature variation

Temperature-invariant analog circuits are crucial components in electronic systems, ensuring stable
performance across a wide range of operating temperatures. These circuits are designed to maintain
consistent functionality and performance regardless of temperature fluctuations. The parameter used for
temperature variation is the temperture coefficent. In analog circuits, the temperature coefficient (TC)
refers to the rate of change of a circuit parameter (such as voltage, current, or resistance) with respect
to temperature. It is expressed in units of the parameter per degree Celsius (e.g., ppm/°C for voltage or
current). In the realm of analog circuits, the behavior of certain parameters such as voltage or current
with respect to temperature is of particular interest. When the parameter increases proportionally with
an increase in temperature, it is referred to as Proportional to Absolute Temperature (PTAT). Conversely,
if the parameter decreases as temperature rises, it is termed Complementary to Absolute Temperature
(CTAT). Finally, when the parameter remains constant regardless of temperature variations, it is known
as Constant with respect to Temperature (CWT). Understanding these temperature-dependent behav-
iors is crucial in designing circuits. Fig. shows the parameter nature with predictable and stable

performance across varying thermal conditions.

Vi Vil Wi

O\

PTAT CTAT @

Figure 2.2: Variations of voltage/current across temperatures

2.3.2 Voltage variation

Voltage-invariant analog circuits are fundamental components in electronic systems, designed to
maintain consistent functionality despite fluctuations in the supply voltage. These circuits are crucial
for ensuring stable performance across a wide range of operating conditions, as variations in the supply
voltage can significantly impact the behavior of analog circuits. we expressed the voltage variation in

terms of line sensitivity. Line sensitivity, refers to the change in output voltage of a circuit in response



to variations in the supply voltage. It is a critical parameter in analog circuits, especially in applications
where the stability of the output voltage is crucial. Line sensitivity is typically expressed in percentage
change in output voltage per volt change in supply voltage (%/V). A lower line sensitivity indicates
that the circuit’s output voltage is less affected by changes in the supply voltage, which is desirable for
maintaining stable circuit operation. In this thesis we applied line sensitivity improving techniques to

improve the varaition of output quantities i.e voltgae or current with respect to supply voltage.

Vi

LS in %/V

Desired range

Figure 2.3: Variation of Voltage/Current w.r.t supply voltage

2.3.3 Process Variation

Process variation is a significant challenge in analog circuit design, stemming from manufacturing
inconsistencies that lead to differences in the electrical characteristics of individual components. These
variations can result in deviations from the intended circuit behavior, affecting performance metrics
such as gain, bandwidth, and power consumption. To mitigate the impact of process variation, designers
employ various techniques, including layout strategies, statistical design methodologies, and calibration
circuits. Additionally, advances in semiconductor manufacturing processes, such as improved process
control and modeling, have helped reduce process variation. Despite these efforts, managing process
variation remains a critical consideration in analog circuit design, particularly in applications requiring
high precision and reliability.

Process variations can be classified into two categories: i.e., within-die (WID) (intra-die) variation and
die-to-die (D2D) (inter-die) variation .The WID variation is caused by mismatches between transistor
parameters within a chip and affects the relative accuracy of the parameters. In contrast, the D2D
variation affects the absolute accuracy of transistor parameters between chips [[7, |8 9, |10]. Process
variations can also affect the threshold voltage of a MOSFET. Variations in doping concentrations,

oxide thickness, and other fabrication parameters can lead to variations in the threshold voltage across



different transistors on the same chip. These variations can impact circuit performance and may require

additional design considerations to ensure reliable operation.

2.3.4 Fundamental Analog blocks : Voltage and current reference

Voltage and current reference circuits serve as foundational elements in microelectronics, playing a
crucial role in ensuring the reliable performance of analog, digital, and mixed-signal circuit systems.
These circuits are primarily characterized by their ability to maintain stable bias voltages and currents,
which are essential for the proper functioning of various components like operational amplifiers, com-
parators, AD/DA converters, oscillators, and PLLs. To achieve this stability, bandgap reference circuits
utilizing CMOS-based vertical bipolar transistors have traditionally been the go-to choice in CMOS

LSIs, providing a constant and precise reference voltage and current.

2.3.4.1 Generation of Voltage and current reference

Generating a voltage/current reference typically entails either combining two quantities with op-
posite temperature dependencies or subtracting two quantities with similar temperature dependencies

resulting into a voltage and current reference with no variation of current and voltage with temperature.

Case 1: Combination of Voltage/Current with opposite temperature dependencies

This method approach is to combine two quantities that have opposite temperature dependencies.
This means that as one quantity increases with temperature, the other decreases, and vice versa. By
combining these two quantities, the overall effect cancels out the temperature variations, resulting in
a stable output. For example, in a voltage reference circuit, one can combine a voltage source that
increases with temperature (PTAT) with a voltage source that decreases with temperature (CTAT). By
appropriately choosing and combining these sources, the temperature-dependent variations can cancel
each other out, resulting in a stable output voltage over a wide temperature range. In a current refer-
ence circuit, a similar principle applies. By combining two current sources with opposite temperature
coefficients, the variations in one source can offset the variations in the other, leading to a stable output
current despite changes in temperature. Figure explain the generation of voltage/current reference by
combing two opposite temperature dependecies i.e PTAT and CTAT with a slope of a and b respectivily
to get Vier

Vil = @* Vermar llprart B * Veqar llcrar
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Figure 2.4: Combination of PTAT and CTAT

Case 2: Combination of Voltage/Current with same temperature dependencies

The second approach to generating a voltage or current reference involves subtracting two quantities
with similar temperature dependencies. This method relies on the fact that some components or materi-
als exhibit temperature-dependent characteristics that change in a predictable manner with temperature.
For example, in a voltage reference circuit, one can use two voltage sources with similar positive tem-
perature coefficients (PTAT) with different slope or with similar negative temperature coefficent (CTAT)
with different slope. By subtracting one voltage source from the other, the temperature-dependent vari-
ations can be made to cancel out, resulting in a stable output voltage over a wide temperature range.
Similarly, in a current reference circuit, two current sources with similar temperature coefficients can
be subtracted from each other to achieve a stable output current despite changes in temperature. The

Figure 2.5 and 2.6 shows the explaination as discussed above i.e

a * Vpyary Nlprati = B * Vpyara lprar
Vref’ Iref

a * Verar llgtats = B * Verare Nletat

Vret/Iret
Vetati/lpTaT1 VpraT2/IPTAT2

~ a*(Vprati/lptati) - b*(VpraT2/lPTAT2)

|7

CWT

Al

e

5%

Figure 2.5: Combination of two PTAT sources with different slope
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Figure 2.6: Combination of two CTAT sources with different slope

2.3.5 Methods of generating PTAT and CTAT voltage/current

Generating Proportional to Absolute Temperature (PTAT) and Complementary to Absolute Temper-
ature (CTAT) voltage and current references is crucial in analog circuit design, especially for applica-
tions sensitive to temperature variations. A commonly used method to generate a PTAT voltage involves
utilizing the base-emitter voltage of a bipolar junction transistor (BJT), which exhibits a positive temper-
ature coefficient. By biasing the BJT appropriately, its base-emitter voltage can serve as a PTAT voltage
reference. Conversely, for CTAT voltage generation, components like diodes or resistors with negative
temperature coefficients can be combined with PTAT sources. Similar principles apply to current ref-
erence generation, where the temperature-dependent voltage across a resistor or diode is leveraged to
create a PTAT or CTAT current reference. These methods necessitate meticulous component selection
and precise circuit design to achieve the desired temperature characteristics for voltage and current ref-

erences. Here are the some PTAT and CTAT current/voltage circuits used in our thesis.

Circuit 1: CTAT voltage using diode connected MOSFET

CTAT (Complementary to Absolute Temperature) voltage generation using a diode-connected MOSFET
(Metal-Oxide-Semiconductor Field-Effect Transistor) is a technique commonly employed in analog
circuit design [11]. In this method, the MOSFET is biased in the Subthreshold-saturation region, where
the drain and gate are connected together, effectively forming a diode-like structure. The voltage across
this diode-connected MOSFET exhibits a negative temperature coefficient, meaning that it decreases
with increasing temperature.

The threshold voltage (V) exhibits a complementary to absolute temperature (CTAT) behavior,
expressed as Ving — k1T, where Vipg is the nominal threshold voltage, and k; represents the slope
of the threshold voltage. The term s, is directly proportional to 7—3/2 [12, [13]], causing the term
nVrln (é) to be proportional to ln(T‘l/ 2), assuming I remains constant with temperature.

tnCog (77*1)‘/7%
Despite being a weak function of temperature, the predominant CTAT nature of V;, extends to Vigg.

I
Vas = Vin +nVrin < ) (2.3)
! pinCox(n — 1)V7%
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Vpp

Ibias

Figure 2.7: CTAT generator using diode connected MOSFET

Circuit 2: CTAT/PTAT voltage generation using single block

As shown in Fig. the CTAT generator is applied as an input to the PTAT/CTAT generator and biased
with the reference current (I.f). Since the MOSFET operates in the sub-threshold region, Vgg can be

expressed as follows:

Voo Vop
M5 [ M6 M7 " J——[_Ms8
M3 J——A ma sl ,_| e

V_out M3 J—[, M4
V_CTAT I o
<HG, w1 M2 J

M1:||——| M2

Ihias )

1
b
L

(a) (b)

Figure 2.8: (a) CTAT voltage generator using differential pair mosfet (b) PTAT current generator using

Beta-multiplier
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Vaa = Vier — Vorar = Vas,mis — Vas,mir

Ivg Innr
—V Veln (M8 ) yin — pVpln | 2207
T +nVrin (KM18IO) TH — NV n (KM17[0) (2.4)
KM14KM17>
=pVprln| ——————
T (KM13KM18

Where, ly= uCox(n — l)V:,% is a process dependent parameter. Kjri7, Kyris, Karis and Kprig
are the aspect ratios of the NMOS differential pair and the PMOS current mirrors respectively. If
KyriaKyir > KaisKaria the Voo will PTAT in nature whereas, K14 K yi7 < KarisK a4 the
voltage Vg is CTAT in nature.

Circuit 3: PTAT current generation using beta multiplier circuit

Proportional to Absolute Temperature (PTAT) current generation using a beta multiplier circuit with
Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETS) is a technique commonly employed

in analog circuit design for temperature-independent current generation. The circuit utilizes the temperature-
dependent threshold voltage of MOSFETS to create a current that varies proportionally with absolute
temperature[14]. The beta multiplier circuit with MOSFETs typically consists of two MOSFETs, one
acting as a diode-connected device and the other as a current mirror. By appropriately biasing the
MOSFETs and adjusting the resistor values, the circuit can produce a PTAT current that compensates
for temperature variations, making it suitable for applications requiring stable and accurate current ref-
erences over a wide temperature range. The figures shows the operation of PTAT current using beta

multiplier.
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Chapter 3

A 37nW, All-in-One Trim-free Voltage/Current Reference without using

Resistors and Amplifiers

3.1 Introduction

In recent years, significant progress has been made in developing low-power designs that are essential
for battery-powered devices like wearables and IoT devices, where power consumption is a critical
factor. Voltage/current references being essential components of any IoT system should also scale their
power to satisfy the new requirements. Moreover, it is highly desirable for these references to operate
over a wide temperature range with good accuracy and line sensitivity, without incorporating external
trimming circuits. Trim-free designs eliminate the need for external calibration, reduce manufacturing
costs and improve the circuit’s reliability. Also, it is beneficial to have both the reference circuitry
(voltage and current) to be integrated into a single block.

The voltage reference is a crucial component in the construction of analog, digital, and mixed-signal
circuit systems. For operational amplifiers, comparators, and AD/DA converters to work properly, a
constant reference voltage is needed. Voltage references are conventionally realized using BJTs and are
called bandgap references (BGR) [15, |16]. Although the generated voltage in BGRs is highly resilient
to process, supply, and temperature (PVT) variations, they consume power in the uW range and require
a high supply voltage. Recently, CMOS subthreshold voltage references have received much attention
since they operate at low supply voltages and consume very low power [17} 18,19, 20]. [[17]] proposes
a sub-uW voltage reference using MOSFETs and resistors. However, high resistance values used for
lowering the power consumption have a direct tradeoff with the silicon area. [18]] presents a resistor-less
voltage reference with nW power consumption, but external trimming circuitry is required to correct the
process variation of the design.

[19] proposes a CMOS-based voltage reference having power consumption in nW without using
resistors and trimming circuits, but the process variation (o/u) of the design is 7%. To get further
power reduction [20] proposes a pW voltage reference. However, it reports no functionality at negative

temperatures. This constraint is mainly due to the exponential dependency of subthreshold leakage
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on temperature. Also, they use native oxide devices (NVT MOSFETs), which are not provided by
many foundries [21]]. The conventional approach for generating current references involves variants of
the beta multiplier, utilizing the V/R principle with opamps to effectively compensate the temperature

coefficients of both resistance and voltage [22] 23]].

However, resistance-based designs require an inconsiderably higher area to scale the power con-
sumption of the pW and nW regime. To mitigate this issue, [24] replaces the resistor in the beta-
multiplier with a MOSFET in deep triode to achieve power consumption in nW but at the cost of high
process variation and large voltage supply (Min. supply = 1.3V). [25] proposes a current reference
with a lower supply and nW power consumption. However, the process variation (/) of the design
is >10%. [26] improves the process variation of the current reference with a process tracking circuit
but the power consumption, line sensitivity and temperature range make it unsuitable for low-power
IoT applications. Design [27] proposes a trim-free nW current reference with a low process variation
of 8.8% (60). However, the architecture works from a minimum supply of 1.5V. [28, 29] proposes
pico-watt current references using tunneling currents, although these references require lower area, the
susceptibility of tunneling currents to tox variations [30] (>600% across process corners) necessitates
extensive trimming and increases the cost. References [31}|32,/33]] explain voltage and current reference
in a single block. [31]] proposes nW voltage/current reference using resistors and amplifiers whereas,
using amplifiers incurs additional design complexity like offset, power consumption, etc. [32[] does not
use an amplifier but requires a trimming circuit to improve process variation. [33]] consumes power in

pW but uses native oxide devices and trimming circuits.

This thesis presents a 37nW, trim-free voltage/current reference with a wide temperature range of
-40°C to 100°C without using resistors, amplifiers and native oxide devices. The rest of the thesis is
structured as follows: Section[3.2]describes the proposed voltage/current reference. Section[3.3|presents
the simulated results and conclusions are drawn in Section 3.4

3.2 Proposed Voltage/Current reference

The architecture of the proposed circuit is shown in Fig. All the MOSFETs except MO are in
the subthreshold saturation region. The MOS resistor MO is operated in a strong inversion, deep-triode
region. The design consists of a triode resistance-based Beta-multiplier, a CTAT generator and a PTAT
generator. A combination of triode resistance-based Beta-multiplier and CTAT generator results in a
current reference [27] whereas, the PTAT and CTAT generator compensates for any variation of the
generated voltage reference. Moreover, the generated reference current (I,..5) is used to bias the PTAT

generator.

A capacitor (C.4=2.17pF) implemented using a thick oxide device (M) is connected at the output
terminal to have a better power supply rejection ratio (PSRR) at higher frequencies. A start-up circuit

[34]] is added to avoid any degenerative conditions.
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Figure 3.1: Proposed voltage/current reference

3.2.1 Temperature compensation of voltage/current reference

In the circuit, the current I,.. ¢ is generated by MOS resistor MO with gate-source voltage Vigs, a0 and
drain-source voltage Vpg pr0. When MOSFET MO operates in strong inversion and deep triode region
(Vas - Vrg > Vps ) , the current through MO is given by

w

Irep = Ky <L> (Vas,mo — V) Vps,mo (3.1)

Where, K,,= 14,Cosz, % is the aspect ratio of the MOSFET MO and Vpgs a0 = Vas,mt - Vas,mo.
To analyze the temperature behavior of reference current (/,.y) , differentiating (3.1)) with respect to

temperature (T) we get

0l w oV A% w
o () o ()

orT L oT L
0Vps oK,
oT or

(Vas — Vrn) < (Vas —Vru)Vps (3.2)

Therefore, the circuit is designed in such a way that the CTAT term K, gets compensated by the
PTAT terms Vps po(=nVrInn) and ( Vgs - Vryg) as shown in Fig. a) to obtain the temperature-
compensated reference current (/).

The PTAT generator along with a CTAT generator and a current reference is required to obtain a

temperature-compensated voltage reference (V).
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The CTAT generator is applied as an input to the PTAT generator and biased with the reference
current (/. r). Since the MOSFET operates in the subthreshold region, Vo can be expressed as follows:

Vaa = Veer — Vorar = Vas,mis — Vas,mir

Inig Iniir
- 1 ~ Vi — Vil
Vrg +nVrin (KM18IO> Vra —nVrln <KM17IO> (3.3)
KM14KM17>
=pVrln| ————
T (KM13KM18

Where, Ip= pCox(n — 1)V:% is a process dependent parameter. Kys17, Karis, Kar1s and Kpyq4 are the
aspect ratios of the NMOS differential pair and the PMOS current mirrors respectively.

Vier = Vaa + Vorar

KynaKpr Ipey
=pVrln| ——m~— V, Vrl
T <KM13KM18> +Ven T n( To (3.4)
KM14KM17Iref>

Kz Karislo

=Vth+77VT1H<

Considering the temperature coefficient, V,.. can be given as:

‘/re K K Ire
NVyey OV k < va Kz f) (3.5)

= +n—1In
oT oT 77q KyrisKarislo

A temperature-compensated voltage can be obtained by appropriately sizing the transistors M13,
M14, M17 & M18.

3.2.2 Process variation of voltage/current reference

To study the effect of process variation on the voltage/current reference, one needs to check the
process variant terms present in the equations of V,..y and I,.y. Eq.1 shows that threshold voltage is
mainly responsible for process variation, where Vizs vo = Vg + 0V In(Irep/1o). After substituting

the value of Vg a0 in (3.1)):

W I’/‘E
Lrep = 1inCox <L> (Vra +nVrin (Iof> = Vru)Vps,ao

w I'ref
= UnCox | —/ 1
1nC, (L)UVTH<IO>VDS,M0

Here, Vg cancellation takes place, which ultimately improves the process variation of the reference

(3.6)

current. The value of Vs - Vg as shown in Fig. [3.2[a) at different process corners has minimal
variation, demonstrating the reference current is less susceptible to process.

From it can be observed that the expression of V.. has three process variant terms V7, 77, and
Icp. Vryg contributes the most and I,y contributes the least amongst these. The input to the PTAT
generator i.e. Vorar voltage is generated by passing Iy into a diode-connected MOSFET. In any
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process corner, if the Vrp increases, the corresponding current decreases, and as I,y decreases the
drain to source voltage Vpg (=nVr In(n)) across the triode MOSFET MO also decreases meaning that,
7 decreases for both PTAT terms. 7 is the subthreshold slope factor which depends on the gate oxide and
depletion layer capacitances [35]. So, the process variation of Vrp is inversely related to the process
variation of 7 and I,.;. The small process variation of I,.; along with the multiplication constant
(KanaK a7/ KansKaig) that amplifies the process variation of 7, mitigates the Vi variation to a

great extent, resulting in smaller process variation of the reference voltage (V,.c).

0
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Figure 3.2: (a) Vs - V}, vs temperature across corners (b) PSRR of V,..; w.r.t supply

3.3 Results and Discussion

The proposed voltage/current reference is designed and implemented in a 90nm CMOS process.
Fig. [3.2]b) shows the PSRR at DC for the voltage reference at 1V, 1.8V, and 3V are -48dB, -52dB, and
-51dB respectively. Fig. [3.3[a) shows temperature-compensated voltage and current reference plots;
it depicts temperature coefficients (TC) of 62ppm/°C and 332pm/°C respectively for the temperature
range of -40 to 100°C. The nominal value of the current and voltage reference is 3.23nA and 0.820V
respectively. Fig. 3(b) shows the supply sensitivities of voltage and current references as 0.296%/V
and 0.414%/V respectively for the supply range of 1 to 3.5V. As this architecture contains a self-biased
loop, to avoid any degenerative conditions, a start-up circuit is added. Fig. [3.4] shows the 99% settling
times for the voltage and current reference to be 11.73ms and 11.84ms, respectively. The statistical
results for voltage and current reference are presented in Fig. [3.5] Using Monte Carlo simulation with
1000 samples the observed mean and standard deviation from Fig. [3.5(a) for the voltage reference
are 820mV and 10.99mV respectively, which results in process variation (o/p) of 1.34%. Fig. [3.5(b)
illustrates the Monte Carlo results for the current reference. The mean and standard deviation are 3.23nA
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and 56.52pA respectively, resulting in process variation (¢/u) of 1.75%. Fig. [3.6(a) shows the Monte

Carlo results for V.. over the temperature range of -40 to 100°C, from which 3¢ variation of £4.02%
can be observed. Similarly, from Fig. @b) +30 variation of +5.25% can be observed for the I,y
w.r.t temperature. Fig. a) shows the Monte Carlo results (1000 points) for the TC of V,.r. The
observed mean and the standard deviation are 64.55ppm/°C and 2.564ppm/°C, respectively. Similarly,
Fig. b) shows the Monte Carlo results (1000 points) for the TC of I,..r, which comes out to have a
mean of 337.17ppm/°C and a standard deviation of 15.16ppm/°C. These results prove that we can avoid

trimming in this architecture, considering the achieved nominal values and accuracies for both voltage

and current reference. The layout of the proposed voltage/current reference takes an area of 0.0112mm?
as illustrated in Fig.
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Figure 3.3: (a) V,¢f & I,y vs Temperature (b) Supply sensitivity of V,.cr & L,.¢¢
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Figure 3.4: Start-up time of (a) V. and (b) L,.c¢
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Table 3.1: Performance summary and comparison with the state-of-arts

This work [31] [32] [33] [19] 18] [26] [24]
Technology(nm) 90 180 180 90 350 180 65 350
Type Vref/Iref Vref/Iref Vref/Iref Vref/Iref Vref Vref Iref Tref
Vbp (Supply range) 1V-3.5V 0.7V-2V 2-5V 1V-3v 1.4V-3V 0.8-2.2 1.2V-1.5V | 1.3V-3V
Power(nW) 37 28 192 0.156 300 360 126560 88.53
Viet(V)/Tret(nA) 0.820/3.23 | 0.368/9.97 1.2/51 0.534/0.043 0.745/- 0.489/- -/8800 -/9.95
o /(%) 1.34/1.75 0.35/1.6 0.17/1.15 4.2/2 7/- 0.5/- -/1.4 -/14.1
Trimming used No Yes Yes Yes No Yes No No
Temperature Range(°C) -40 - 100 -40 - 125 -45-125 -55-100 -20 - 80 -30-110 0-100 -20 - 80
TC (ppm/°C) 62/332 43.1/149.8 32.7/89 22/58 7/- 6.5/- -/276.8 -/1190
Line Sensitivity (%/V) 0.296/0.414 | 0.027/0.6 | 0.058/1.76 | 0.029/0.059 0.002/- 0.076/- -14.5 -/0.046
PSRR (db@DC) -48 -59 -46 -77 -45 -75 - -
Area (mm?) 0.0112 0.055 0.063 0.00157 0.056 0.0180 - 0.12
Resistors/Amplifiers/Thin oxide Not Used Used Used Used Not Used | Not Used Used Not Used
Result Type Simulated Measured | Measured Simulated | Measured | Simulated | Simulated | Measured

Table summarizes the performance of the proposed voltage/current reference circuit and com-
pares its performance with the state-of-the-art designs. The designs [31, 32, [33]] present both volt-
age/current references in a single circuit. The usage of resistors in the design[31] increases its area to
0.055mm?. The design [32] works for a minimum supply of 2V. Design [33]] uses thin oxide devices to
reduce its power consumption but usage of such devices has increased their process variations (o/u) to
4.2%/2%. When compared to the voltage reference designs [[18] and [[19]], design [[18]] works for a high
supply voltage > 1.3V, and design [[19] consumes power greater than 350nW. Current reference designs
[24]] and [25] listed in Table work for a supply voltage greater than 1V, but design [24]] exhibits a
high-temperature coefficient of 1190ppm/°C and substantial process variations. Furthermore, all these
designs necessitate additional complex trimming circuitry, increasing the overall design area. Although
the design [25] doesn’t require trimming, it takes a huge power of 126.56uW and doesn’t work for
negative temperatures. The presented design in this thesis eliminates the need for external trimming
circuitry while maintaining other specifications, with process variations (o /p) of 1.34%/1.75% that are
comparable to post-trim results of state-of-the-art designs. To the best of the author’s knowledge, this

thesis presents a first and novel all-in-one trim-free, all-MOSFET V,..¢/ I, architecture.
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3.4 Conclusion

This thesis presents a novel trim-free, low process variation, ultra-low power all CMOS voltage/current
reference without using high-valued resistances, BJTs, or NVT devices. As it does not incorporate sub-
threshold leakage behavior, it works over a wide temperature range of -40 to 100°C. The circuit con-
sumes 37nW and works from a minimum supply of 1V over the wide supply range of 1V - 3.5V. The
proposed architecture is trim-free, as the variations of the temperature coefficients and the nominal val-
ues of both the voltage and current references are insignificant. All the above competitive specifications

make it a desirable choice for various ultra-low power wearables and IoT applications.

LTIPLI

Figure 3.8: Layout of proposed voltage/current reference
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Chapter 4

A 0.8-V, 593-pA Trim-free Duty-cycled All CMOS Current Reference for

Ultra-Low Power IoT Applications

4.1 Introduction

The increasing need for wireless sensor networks (WSNs) and the Internet of Things (IoT) has led to
a significant emphasis on the design of sub-threshold circuits that exhibit ultra-low power consumption
[36]]. Current references being essential components of any IoT system should also scale their power
to satisfy the new requirements and make it ideal for power-constrained applications. Duty cycling has
proven to be an effective technique in various applications, including wireless sensor networks, battery-
powered devices, and Internet of Things (IoT) systems. By intelligently managing power consumption,
duty cycling enables longer battery life, reduced energy costs, and improved overall system efficiency.
Traditional current reference circuits often require meticulous manual calibration to compensate for
process variations, temperature fluctuations, and aging effects. These calibration procedures not only
add complexity to the manufacturing process but also contribute to increased manufacturing costs. By
eliminating the need for manual calibration and offering enhanced accuracy and stability, the Trim-free
architecture holds tremendous potential to improve the performance, reliability, and power efficiency of

IoT devices.
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Figure 4.1: Concept of Proposed Current reference
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Figure 4.2: Complete schematic of proposed current reference

The conventional current references [37, 38| [39]] typically employ resistor-based configuration to
generate a stable reference current. However, a resistor-based design shows a significant trade-off arising
in terms of area requirements as they demand a considerably larger area to scale the power consumption
within the range of nW and pW. To mitigate this issue, [40] replaces the resistor in the beta-multiplier
with a MOSFET in deep triode to achieve power consumption in nW but at the cost of high process
variation and large voltage supply (Min. supply = 1.2 V). [41] proposed a current reference with
a lower supply and nW power consumption. However, the process variation (o/u) of the design is

> 10%. [42] 43| 44] proposed a trim-free current references without using resistors and operational
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amplifiers. However, the architecture of those trim-free circuits requires a minimum supply of 1.4 V.
Design [45]] improves the process variation of the current reference with a process tracking circuit but
the power consumption, line sensitivity, and temperature range make it unsuitable for low-power IoT
applications. Design [46] proposed a current reference with low power and excellent line sensitivity
but the minimum supply voltage is > 1.2 V. Design [47] proposed a low-supply, low-power sub-nA
current reference but a Temperature Coefficient(TC) of >500 ppm/°C and requires an external complex
trimming circuit to improve process variation of the design. [48|] proposed a pico-watt resistor-less
current reference with low line sensitivity at the cost of high-temperature variation (780 ppm/°C) and
supply voltage (Min. supply > 1.2 V). [49] 50] proposed current references using tunneling currents,
although these references require lower area, the susceptibility of tunneling currents to t,, variations
[51]] ( > 600% across process corners) necessitates extensive trimming and increases the cost.

This thesis presents a sub-1V, sub-nA, duty-cycled, All-MOSFETs trim-free current reference with-
out using resistors and amplifiers by applying a CTAT (complementary-to-absolute-temperature) voltage
at the gate of the MOSFET (M,.. ) and PTAT (proportional-to-absolute-temperature) voltage at the drain
of M.y as shown in Fig. @ The subsequent sections of this thesis are organized as follows: Section
M.2] provides a comprehensive description of the design and analysis of the proposed current reference.
In Section the simulated results are presented and conclusions are drawn in Section

4.2 Design and analysis of the proposed Current reference

The schematic of the proposed design, as illustrated in Fig. .2 comprises several key components.
These include a current source bias circuit, a CTAT generator, and a sub-threshold triode-resistor-based
beta-multiplier. The biasing circuit creates a current by employing a self-biasing beta-multiplier circuit
with a triode resistor [52]]. This bias current is used to establish the CTAT voltage. The CTAT genera-
tor, based on a differential pair configuration, produces an output voltage that works as the gate-source
voltage of the MOSFET M,..y. This MOSFET operates in the sub-threshold triode region, resulting in
low power consumption. Concurrently, a PTAT voltage, crucial for temperature compensation, needs to
be applied as the drain-source voltage of MOSFET M,..;. This is achieved with the assistance of the
beta-multiplier, ensuring that the generated current, denoted as /..y, remains independent of variations
in temperature, process, and voltage. By integrating these components and leveraging their function-
alities, the proposed design aims to achieve robust and precise performance across different operating

conditions, making it suitable for a wide range of applications.

4.2.1 Temperature Compensation of Proposed Current Reference

As shown in Fig. the current I,.. s is determined by the MOS resistor M,.. s, where the gate-source
voltage is Vs ., P and the drain-source voltage is Vpg ar,, 4 When the MOSFET M,.. s operates in the
sub-threshold triode region, characterized by Vgs < Vry and Vpg < Vr, the current through M, ¢
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can be described by (@.1)) as:

w Vas — Vru —Vbs
lLer=K,— (n—1 2 _— 1-— 4.1
o =K'y (= 1) Vexp (VT (1 ey P8 ) @

where K, = u,Cor, Vg represents the threshold voltage of the transistor, V7 is the thermal voltage and
7 1s the sub-threshold slope constant. To simplify (1), we can approximate the term (1 — exp (*TDS))
as %, leveraging the binomial expansion of the exponential function for cases where % is less than
T T

1. This approximation allows us to rewrite (4.1)) as (4.2) i.e.

W Vas — Vru

Lyes = Ky (n = 1) Vrexp | == | Vps 42)
L nVr

o . Al . . T
Achieving temperature-independent current ( an = 0) requires accounting for the variations in fi,,

Vr and Vry with temperature. Thus, to ensure a temperature-independent current from the M.,
Vas,m,.; and Vpg i, , are designed as the functions of temperature. Temperature compensation is a
crucial aspect of current reference design to ensure accurate and stable performance. In our design, we
incorporate a CTAT generator and a PTAT generator to achieve temperature compensation. The CTAT
generator connects a CTAT voltage to the gate of MOSFET M, ;. It consists of an NMOS differential
pair and a current mirror, which is biased using a current source bias circuit (/p;,5). When the MOSFETSs

operate in the sub-threshold region, the output voltage of the CTAT generator i.e. Vis a,,, can be
expressed using {@.1P)

VasM,.; = Vae + Vi

B KynaKanr Tvias
=nvrin (KM13KM18 Vi Ve ln Iy (4.3)

KM14KM17Ibias>
KynsKanglo

=Vrg +nVrin <

Where Iy = K,(n — 1)Vﬁ, Ve is the gate-to-gate voltage of the CTAT generator, and V; is the
output voltage of the current source bias circuit which acts as an input to the CTAT generator.
In the proposed circuit, PTAT voltage is generated at the drain of M,..; using a supply-independent
beta-multiplier circuit. The drain-to-source voltage of MOSFET M,..; serves as the PTAT voltage. The
Vps of M,..f can be expressed as :

Vpsm,.; = Vas,ma1 — Vas mze

— Vrln <W22L21>

44
Wa1Las “9

=nVrln(n)

where % = n% and n > 1, to make the Vpg of M,.; a PTAT voltage. By substituting the

expressions for Vs v

ref?

and Vpg ,., from (3) and (4) into (2), we obtain the expression for /..y in

terms of temperature.

KynaKyiIpias )
KysKansKn(n — 1)VE

w
Lrey = Knp-n(n = 1)V In(n)( (4.5)
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%% KynaK vt Ipias
Le.r=n—1 4.6
ref = n(n) < Kz Karis (4-6)

(@.3) provides the derived expression, taking into account various transistor parameters and the cur-
rent source bias circuit. Simplifying (#.5), we arrive at (4.6), which reveals that the terms within the
equation are temperature-independent. Consequently, we can conclude that the generated current refer-
ence exhibits temperature invariance, ensuring stable operation across a wide temperature range of -40
to 100°C.

4.2.2 Process variation of the proposed current reference

To study the effect of process variation on the current reference, one needs to check the process vari-
ant terms present in the equations I,..;. (4.2) highlights the significance of the threshold voltage, which

plays a key role in process variation [53|]. The equation includes Vs s, ., which can be expressed as

ef?

Vas M, = Vra +nVrin ( %) Substituting the value of Vi i, , into li we get :
KnriaKarzly,
W Vrn + nVp In(SpRamiietes ) — Vg
Iyey = Knp-n(n = 1)V7 exp ( A ) 4.7

In (4.7), there is a cancellation of the Vrpr term, leading to an improvement in the process variation of
the reference current. Fig. b) depicts the value of Vg n,., e Vruam,, ;at different process corners,
demonstrating minimal variation. By examining the equations and considering the cancellation of the

Vg term, we can say that the reference current is less susceptible to process variations.

4.2.3 Improvement in Line Sensitivity of the Proposed Current Reference

Vbp

T
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Figure 4.3: (a) Concept of subtracting two current references (b) Simulation of Subtracted current ref-

erences
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In the proposed design, we have implemented a technique to enhance the line sensitivity of the
reference current [54]. The technique involves generating a reference current with improved line sensi-
tivity by subtracting two temperature-compensated current references: one with normal line sensitivity
(Irer1) and the other with poor line sensitivity (/,.r2) as shown in Fig. @Ka). These current references
are derived from beta-multiplier structures. The equation for the reference current with improved line

sensitivity is given as

Iref = Irefl —px* Iref2 (4.8)

where p represents the coefficient of subtraction. To achieve this, we intentionally designed /.. 2 to have
a greater variation with supply voltage (Vpp) compared to I,.. 1. This is accomplished by reducing the
lengths of the NMOS transistors and modifying the current mirror architecture. Fig. 4.3|b) illustrates
the variations of I,..f1, Ircr2, and I,.; with respect to the supply voltage (Vpp). Based on the data

analysis, we can approximate the equations for I,..f1, I;c 2, and I, in terms of Vpp as

Lepit = AxVpp +c1 and Ipepo = BxVpp +ca (4.9)

Lief = (A—p* B)*Vpp + (c1 —p*ca) (4.10)

Where A and B are the slopes of I..¢1 and I;.. po respectively. To ensure the desired line sensitivity of
the reference current, the value of p is chosen such that the difference between A and p * B approaches
zero. Since the slope of B is greater than that of A, selecting p < 1 meets our requirement but a small
value of p may increase the offset that may occur during the mirroring of I,.r2 due to the absence
of a cascode structure in the beta-multiplier. By considering the aforementioned suggestions, we can
enhance the circuit’s performance, particularly its line sensitivity, beyond what is achievable with a con-
ventional cascode beta-multiplier-based current reference. This improvement is attained by completely
eliminating the first-order dependence on the supply voltage through the appropriate selection of the co-
efficient p. These advancements signify significant progress in performance, offering enhanced stability

and reduced sensitivity to changes in the supply voltage.
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Table 4.1: Performance summary and comparison with the state of arts

This work [43] [44] [42] [40] [47] [48] [46]
Technology (nm) 90 180 65 180 180 180 180 3507
Vbp (Supply range) 08-25V 1-2V 125-14V | 1.5-24V | 12-18V | 0.7-2V 1.2-4V 1.3-3V
Power(nW) 33 1231 550 1.02 670 1.06 0.023 88.53
Lrer (nA) 0.593 142.5 104.2 35 92.3 0.192 0.020 9.95
Process Variation (30/ 1) 0.75% 9.4% 4% 4.3% 18.4% - - 42%
Trimming used No No No No No Yes Yes Yes
Temperature Range (°C) -40 - 100 -40 - 85 -45 -85 -40 - 120 -40 - 85 -20- 80 0-80 -20- 80
TC (ppm/°C) 378 40 48 282 179.9 546 780 1190
Line Sensitivity (%/V) 0.198 1.45 1.9 3 7.5 0.51 0.58 0.046
Area (mm?) 0.074 0.02 0.0031 0.017 0.0007 - 0.0484 0.12
Resistors/Amplifiers Not Used | Not Used Not Used Not Used Not Used | Not Used Used Not Used
Result Type Simulated | Simulated | Simulated Measured | Measured | Simulated | Measured | Measured

4.2.4 Duty-cycling of Proposed Current Reference

As shown in Fig. the CTAT generator is designed to operate in a duty-cycled manner in order
to conserve power. Without duty-cycling, the overall power consumption amounts to 52.8 nW, with
the CTAT generator accounting for approximately 95% of this total. However, by implementing a duty-
cycling scheme of 1.33% on the CTAT generator, a power saving of around 94% is achieved. In addition
to employing this duty-cycling technique, a start-up circuit is needed for the bias circuit beta-multiplier
to guarantee a correct output when duty-cycled switches are ON [55] whereas, always ON current

reference core beta-multipliers require a single pulse startup circuit to generate the reference current.
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Figure 4.5: The timing waveform of the current reference

The timing diagram for the current reference operation is illustrated in Fig. [4.5] In the background, a
real-time clock continuously operates to provide a low frequency, driven by a low-frequency oscillator
[56[. Additionally, a duty-cycled clock with an active time of 1.33% is used to provide the necessary
clock signal (Clockpc) to the switch (S1, S2). As shown in Fig. [4.5]a startup pulse is generated by
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using combinational logic with a duty-cycled clock. The start-up time in this work is approximately
1.5 ms. The retention time of the voltage on the capacitor depends on the leakage of the switch, which
increases by more than 100 times at higher temperatures than at room temperature. However, since our
switch is biased in the super-cutoff region, the sub-threshold leakage of our switch is drastically reduced
by 1000 times. Also, higher t,, devices make the gate leakage negligible. The drain-bulk leakage is
not dominant for < 125°C temperature[57]]. however, NMOS and PMOS in the transmission switch
are sized to further reduce the impact of drain-to-bulk leakage by 5 times in the worst corner[58]]. As a
result, the dominating leakage present in our switch is sub-threshold leakage. The output of the CTAT
generator (Vorar,pe) is stored on a capacitor, and this stored output serves as the input to the current
reference core, which then generates the reference current. As shown in Fig. the reference current
(Ir¢y) shows an undesirable glitch of 1.2 pA while switching and leakage of only 0.6 pA during the hold
state.

4.3 Result and discussion

The current reference design proposed in this work has been successfully implemented using a 90nm
CMOS process. In Fig. [4.6a), the temperature-compensated current reference plot is presented, demon-
strating a temperature coefficient (TC) of 378 ppm/°C across a wide temperature range of -40° to 100°C.
This indicates the ability of the current reference to maintain stability and accuracy despite changes in
temperature. Furthermore, Fig. [.6(b) showcases the supply sensitivity plot for the current reference,
revealing an outstanding line sensitivity of 0.198%/V. This confirms the effectiveness of the subtraction
methodology employed to enhance the circuit’s performance in terms of line sensitivity, as discussed
in the earlier sections of this thesis. In Fig. .7(a), the generated current reference is shown to have a
process variation of 1.5% across the process corners and Fig. .7(b) presents the plot of Vg — Vg ver-
sus temperature, showcasing the minimal variation in voltage across five different process corners. This
variation ensures that the current remains nearly unaffected by process variations, resulting in reliable
and consistent performance. Fig. [4.10[a) displays the Monte Carlo simulation results for the current
reference (I,.y) over a temperature range of -40 to 100°C. The mean value and standard deviation ob-
tained from these simulations are 593 pA and 1.501 pA respectively. These results demonstrate that the
+30 /1 variation amounts to +0.75% in the generated current reference. Similarly, Fig. b) exhibits
the Monte Carlo simulation results (based on 1000 data points) for the temperature coefficient (TC) of
the current reference (I.r). The mean and standard deviation observed for the TC is 430.08 ppm/°C
and 57.1 ppm/°C respectively. Fig. illustrates the layout of the proposed current reference occupies
an area of 0.074 mm?. Fig. (a) & (b) depict the startup time and average power distribution of the
proposed current reference respectively.

Table presents a comprehensive overview of the performance metrics achieved by the proposed
current reference circuit. It also includes a comparative analysis of these metrics in relation to the

state-of-the-art designs. In comparison to the reference circuits [42] [43]] [44], the proposed design
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stands out for its utilization of a low-voltage power supply, excellent line sensitivity, and reduced power
consumption. Furthermore, when compared to the design discussed in references [47] [48]], which also
focuses on low power consumption, the proposed design exhibits a smaller temperature coefficient and
eliminates the need for an external calibration circuit. One of the key highlights of the proposed work
is its exceptional performance in terms of process variation. With a process variation of 1.5% (+£30 /)
without the need for trimming across different process corners, the proposed design outperforms the

mentioned reference circuits based on the author’s current knowledge.
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4.4 Conclusion

This work presents a novel 0.8 V, 593 pA trim-free duty-cycled all CMOS-based current reference
without using high-valued resistors, amplifiers, and thin oxide devices. Simulation results indicate that
the design has a small variation in output current, with a deviation of 1.5% (£30/p) across the process
corners. Additionally, the design shows a line sensitivity of 0.198%/V and a temperature coefficient
(TC) of 378 ppm/°C over a wide temperature range of -40 to 100°C. After incorporating duty cycling,
which is an efficient power-saving technique, the circuit achieves a power consumption of only 3.3 nW.
By using a transmission gate-based duty-cycling circuitry, the proposed design enables active operation
with a duty cycle of 1.33%, significantly improving power efficiency. All the above specifications es-

tablish it as an attractive option for a diverse range of ultra-low power IoT and biomedical applications.
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Chapter 5

A 0.6V, 13nW, 0.0012%/V Line Sensitivity PVT - Invariant Voltage

Reference without using Resistors and Amplifiers

5.1 Introduction

A pivotal research area in semiconductor technology centres is on the advancement of ultra-low-
power System-on-Chips (SoCs) and Large-Scale Integrations (LSIs) tailored for applications such as
the Internet of Things (IoT), portable mobile devices, implantable medical devices, and wearables.
These domains prioritize minimal power consumption. Designing voltage/current sources that are good
enough to act as ideal source invariant to temperature, main supply, and FEOL corners in the fabrication
process is challenging. Voltage/current references, integral to IoT systems, must align their power
scalability with evolving requirements. A critical objective is to achieve operational proficiency over
a wide temperature range, ensuring accuracy and line sensitivity without relying on external trimming
circuits. Trim-free designs eliminate the need for external calibration, reduce manufacturing costs, and
improve the circuit’s reliability. Furthermore, it is beneficial to integrate both the reference circuitry

(voltage and current) into a single block.

Isals

M4

- VBias

M2 VREF

Figure 5.1: Basic Concept of Proposed voltage reference
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The voltage reference is a main block in many Analog, Digital and Mixed-Signal integrated circuits,
Socs, AD/DA converters, operational amplifiers, etc. The main need for Voltage reference is to design
a customised voltage source independent of the supply voltage of the system and temperature. In con-
temporary research, numerous voltage references have been introduced and categorised according to
their underlying operational principles as Band-Gap References (BGR) and CMOS-Voltage References
(CVR).

The basic idea behind designing a voltage reference is to add up CTAT and PTAT voltages in the
correct proportions. Basic BGR was implemented by adding a PTAT voltage to Vg of BJT [59].
This basic design consists of many errors, which include improper current mirroring, error voltages in
the clamping circuit, and device mismatches and is non-reliable because of high supply, high power
consumption because of the use of BJT, large silicon area and high noise because of the use of Resis-
tors(order of Mega ohms). Proper current mirroring and voltage clamping are achieved with the help of
an operational amplifier in negative feedback, as explained in [60]. Though the errors were resolved,

reliability has not been achieved yet.

The focus now shifted from BGR to CVR(CMOS-Voltage Reference)[61]] which are designed with-
out BJT’s as it is one of the reason for high power consumption though better for process invariations.
But still, power consumption is in the order of micro Watts, high supply voltage(;1.4V), involves the
use of large order resistors, and significant process variations as reference voltage value in this design
depend on threshold voltages of NMOS and PMOS.[62] was designed with less supply voltage(0.75V),
less power(250nW) but carries remaining concerns.[63]] presents a resistor-less voltage reference with
nW power consumption, but external trimming circuitry is required to correct the process variation of
the design. Reference [64]] introduces a trim-free voltage reference, sharing comparable specifications
with [63] albeit with a trade-off in process variation amounting to 2.35%. Meanwhile, [65] exhibits an
enhancement with lower process variation (0.9%) compared to [64], albeit at the expense of increased

power consumption, reaching 300nW.

The proposed work is a low-power, low-voltage, All-MOSFET’s PVT invariant voltage reference
without using an extra calibration circuit that deals with all the above concerns, improving the speci-
fications, which include temperature coefficient, line sensitivity, working temperature range, working

supply range, process invariation(%) ratio.

Basic concept of proposed voltage reference is shown in Fig. [5.1] The remaining sections of this
work are organized as follows: Section[5.2] provides an in-depth explanation of the design and analysis
of the proposed voltage reference. In Section we present the results of our study and engage in
a discussion surrounding them. Finally, in Section [5.4] we draw conclusions based on the findings

discussed earlier.
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5.2 Design and Analysis of proposed voltage reference

The schematic of the proposed voltage reference is shown in Fig.2. The design consists of Current
bias generator(lp;,s) with excellent line sensitivity, voltage reference core with body bias ciruit. The
body bias circuit helps to achieve temperature compensation by providing a bias voltage (Vg sari2, the
gate-to-source voltage of MOSFET M12) at the bulk of MOSFET M16. The excellent line-sensitivity
of proposed voltage reference is due to the Supply-independent bias current(/y;,s) used in the design.
To enhance the power supply rejection ratio (PSRR) at higher frequencies, a capacitor(C.,=2.17pF) is
integrated using a thick oxide device (M L0) and connected to the output terminal. Additionally, a start-
up circuit is incorporated to ensure smooth initialization of the system and with an aim to mitigate any

potential degenerative circumstances.

5.2.1 Current generator with improved line-sensitivity

Within the circuit, the current Iprag is produced through the utilization of MOS resistor M,.s,
employing gate-source voltage Vpras and drain-source voltage Vpg as,.,. When MOSFET M,..; is in
operation and functioning within the strong inversion and deep triode region (Vgras - Vg > Vps um,..)
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the current passing through M,..; can be determined by the following equation:

w

Ipras = Ky, (L> (VBras — Vru)Vps.um,.. (5.1

Where, K,,= 11nCoy, % is the aspect ratio of the MOSFET M,..; and Vpg ar,.. = Vas,mi - Vas,vo.
All the MOS except M, in our improved beta multiplier are working under sub-threshold saturation

and so the current equation will be

W Vas — Vru
Ip=1Ig| — e 5.2
o=t (e (57 62
and so
Ip
Vas = Vrg +nVrin I (5.3)
IST
_ _ InniSune
Vs Mo, = Vasvn — Vasyz = nViln | ————5—— (5.4)
ISy
Substituting (4) in (1) and upon simplification we get bias current as
w 1 S
Ipras = Ky () (VBras — Vru)nViln <MN1MN2> (5.5)
L Inn2Sunt

Traditional beta multiplier with four MOS in positive feedback and loop gain less than 1, has less
accuracy because of short channel effects and is highly sensitive to supply variations. Instead, cascode
topology can be used, but it requires a high supply voltage. To ensure a high PSRR value, a high swing
cascode topology in negative feedback is used. Without negative feedback, because of asymmetry and
short channel effects, drain-source voltages of (M5, M6) and (M8, M9) cannot be equal, resulting in
improper current mirroring. For that, an operational amplifier in negative feedback can be used to ensure
equal drain voltages of M5 and M6, but an operational amplifier uses a large area, can add unnecessary
poles to the system, results in excessive power consumption. Instead, a CS amplifier(M11) is used to
ensure negative feedback and to equate drain-source voltages in the design. From Fig. the feedback

can be mathematically explained as follows:

ibias = 9ms(Vad — Vg6) (5.6)

Vga = Vg6 ~ JmsRsgmeR6(vaq — vg6) (5.7)
Vg1l = Vg3 R —gm1R19m3R3(vg4) (5.8)
Vg10 = Vd11 = Vg6 ~ —gm11R11(vg11) (5.9

In the above set of equations, ;. is the small variation in current because of the variation in supply.
g1,93.96-98,911 are transconductance R,,R3,Rg,Rs,R11 are resistance of M1,M3,M6,M8 M11 respec-
tively. Upon simplification of 6-9,

Im1019m3N3gmeL16gmsLiggmi14v11 >Ud (5.10)

Vg8 = Vg ~
I 7 (1 + 9m1R19m3R39me Regms Regm11 11
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Small variation in current 4;, Will be

ibias = 9m8(Vdd — Vg6)

( 1 > (5.11)
~ Vdd
Gms 1+ gmlngm3R3gm6R69m8R89m11R11

Above equation(11) clearly states that small variation in current is inversely proportional to the value

of the order ( gmr0)5 which makes iy;,, very small compared with vgg.

5.2.2 Temperature Compensation of proposed Voltage reference

The Bias current I3, passing through MOSFET’s M15 and M16 and generated a temperature inde-
pendent voltage at the drain of MOSFET M15.

Vier = Vass — Vas,ie

KM16> (5.12)

Kwns
Body effect is observed in MOSFET M16 because it’s body is controlled by Vg7 45.Hence,

=Vruis — Vruie +nVrin <

K
Vier = 7(v/26r — \/20F + Vsp6) + nVrIn <Kﬁ§> (5.13)

Where, ¢ is the fermi potential and Vsp 16 is the source to bulk voltage of MOSFET M16 equal
to Vier — VBras. VBras is the gate-source voltage of the diode-connected MOSFET M12, which has
negative tc because of the dominant CTAT nature of V}; compared with the PTAT nature of Iprag.
Hence, the term y(\/2¢p — \/2¢)F + Vier — VBras) is CTAT in nature and the term 7V7 In (KMw)

Knris

is PTAT in nature. Both can be compensated by choosing appropriate sizing ratio (%) .

5.2.3 Line sensitivity of voltage reference

Above in part A, expressions of ip;qs, (Vaq — Vg6) are shown because of supply variations. Now let’s

see the variation in Vpyag which is vp;qs.

1
Vdd — Vg ~ Vdd (5.14)
7 < 1+ Im1 ngm?)RngGRGngRngllRll )
Upias = <g’”14> (vad — vg6) (5.15)
gmi12

VBras is controlling body voltage of M16 to ensure less variation in threshold voltage of M16.
Small signal analysis on Voltage reference core is implemented to find variation in Vrgpr which is
vres Which mainly includes finding short circuit current when node Vrgp is AC grounded. Consider
Vg16 = Ug15 = Uq16 D€ vg.

_ 9m18(Vdd — Vg6) — Imb16Vbias
B 9m16

o (5.16)
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Here, g,,416 is the back gate transconductance due to body-source voltage. The short circuit current

flowing through AC grounded node(Vrgr) which is(say i,

i = <gm159"‘b“’) (Vaa — vg6) (5.17)
9m16
. . 1
Output impedance is e
9Imb16 Vdd
Upef &3 (5.18)
el < gm16 ) <1 + gmlngm3R39m6R69m8R89m11R11)

Variation in reference voltage(v,.y) is very less than variation in current(ip;qs) as gimp16 is much less

than Im16-

5.3 Results and Discussion

The proposed voltage reference is designed in 180nm CMOS process. The proposed voltage/current
reference is designed and implemented in a 90nm CMOS process. Fig. [5.2(b) shows the PSRR at DC
for the voltage reference at 1V, 1.8V, and 3V are -48dB, -52dB, and -51dB respectively. Fig. [5.3(a)
shows temperature-compensated voltage and current reference plots; it depicts temperature coefficients
(TC) of 62ppm/°C and 332pm/°C respectively for the temperature range of -40 to 100°C. Fig. [5.3(b)
shows the supply sensitivities of voltage and current references as 0.296%/V and 0.414%/V respectively
for the supply range of 1 to 3.5V. As this architecture contains a self-biased loop, to avoid any degen-
erative conditions, a start-up circuit is added. Fig. [5.4] shows the 99% settling times for the voltage and
current reference to be 11.73ms and 11.84ms, respectively. The statistical results for voltage and current
reference are presented in Fig. [5.5]Using Monte Carlo simulation with 1000 samples the observed mean
and standard deviation from Fig. [5.5]a) for the voltage reference are 820mV and 10.99mV respectively,
which results in process variation (o/u) of 1.34%. Fig. @b) illustrates the Monte Carlo results for the
current reference. The mean and standard deviation are 3.23nA and 56.52pA respectively, resulting in
process variation (o/p) of 1.75%. Fig. 6(a) shows the Monte Carlo results for V,..r over the temper-
ature range of -40 to 100°C, from which 3¢ variation of £4.02% can be observed. Similarly, from
Fig. 6(b) =30 variation of 4-5.25% can be observed for the I,..; w.r.t temperature. Fig. 7(a) shows the
Monte Carlo results (1000 points) for the TC of V,..r. The observed mean and the standard deviation are
64.55ppm/°C and 2.564ppm/°C, respectively. Similarly, Fig. 7(b) shows the Monte Carlo results (1000
points) for the TC of I,..r, which comes out to have a mean of 337.17ppm/°C and a standard deviation
of 15.16ppm/°C. These results prove that we can avoid trimming in this architecture, considering the

achieved nominal values and accuracies for both voltage and current reference.
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Table 5.1: Performance summary and comparison with other works

This work [64] [66] [63] [67] [65] [62] [68]
Technology(nm) 180 180 180 180 180 350 65 180
Type Vref Vref Vref Vref Vref Vref Vref Vref
Vbp (Supply range) 0.6V -2.1V | 0.85V-2.3V | 045V-1.8V | 0.8V-2.2V | 0.7V-2V | 1.4V-3V | 0.75V-1.2V | 0.85V-2.5V
Power(nW) 14.2 46 14.6 360 28 300 290 3300
Vet (V) 141.517mV 0.681V 0.118V 0.489V 0.368V 0.745V 0.474V 0.221V
/(%) 0.96 2.35 0.6 0.5 - 0.94 0.9 -
Trimming used No No Yes Yes Yes No No No
Temperature Range(°C) -40 - 100 -20- 80 -40- 125 -30-110 | -40-125 | -20-80 -40 - 90 20- 120
TC (ppm/°C) 23 100 63.6 6.5 43.1 7 40 271
Line Sensitivity (%/V) 0.0012 0.02 0.12 0.076 0.027 0.002 0.2423 0.9
PSRR (db@DC) -48 -75 -44.2 -75 -59 -45 -40 -
Area (mm?) 0.0112 0.065 0.012 0.018 0.055 0.055 0.0198 0.0238
Resistors/Amplifiers/Thin oxide | Not Used Not Used Not Used Used Used Used Used Used

Table[5.1|summarizes the performance of the proposed voltage reference circuit and compares it with
the performance of state-of-the-art designs.

The specifications of [|64]] closely align with this work, with notable distinctions observed in line sen-
sitivity, temperature coefficient (TC), and process variations—areas of primary emphasis in this work.
Power consumptions of [67], [64], [66] are in the order of nano-Watts but in the remaining references
mentioned, power consumption is in the order of micro Watts and the reasons are, design in [63] is
implemented in saturation operation because of which current consumption is in the order of micro
Amperes. Conversely, [65] proposed the idea containing bias voltage sub-circuit which consumes large
current from supply contributing to high power consumption. Furthermore [[68]], [62] involves usage
of large order P+ diffusion and poly resistors that lead to high power consumption. Designs [65] re-
quire high supply voltage(minimum of 1.4V), but the presented work requires a minimum voltage of
0.6V and does not require any external trimminig circuitry, differential or operational amplifiers. All
the designs mentioned, predominantly focused on minimizing TC through various topologies, often ne-
glecting line sensitivity. Designs in [63], [[64]], [65] and [67] implemented traditional beta multiplier
in negative feedback. In contrast, our approach incorporates a beta multiplier with a high-swing cas-
code topology in negative feedback, enhancing line sensitivity from 0.02% to an impressive 0.0012%.
While designs [63]], [66]], and [67]] employ external trimming circuits to mitigate process variations, our
proposed design achieves comparable invariance results (1.395mV/141.492mV) without the need for
additional trimming circuitry. This underscores the robustness and efficiency of our approach in ad-

dressing key performance metrics, setting it apart from existing designs in the field. To the best of the
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author’s knowledge, this thesis presents a first and novel all-in-one trim-free, all-MOSFET V,.c¢/1,.¢

architecture.

5.4 Conclusion

This thesis presents a novel trim-free, low process variation, ultra-low power all CMOS voltage/current
reference without using high-valued resistances, BJTs, NVT or DTMOS devices. As it does not incor-
porate subthreshold leakage behavior, it works over a wide temperature range of -40 to 100°C. The
circuit consumes 14.2nW and works from a minimum supply of 1V over the wide supply range of 0.6V-
2.1V. The proposed architecture is trim-free, as the variations of the temperature coefficients and the
nominal values of both the voltage and current references are insignificant. All the above competitive

specifications make it a desirable choice for various ultra-low power wearables and [oT applications.
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Chapter 6

Conclusions and Future Work

This thesis has presented three innovative designs for ultra-low-power voltage and current references,

each offering unique advantages and addressing specific challenges in IoT and biomedical applications.

The first design, a 37nW all-in-one trim-free voltage/current reference, demonstrates remarkable
power efficiency and simplicity by eliminating the need for resistors and amplifiers. Implemented in
90nm CMOS technology, the circuit operates over a wide temperature range of -40 to 100°C. Utilizing
a current-mode approach and a sub-threshold MOSFET-based voltage reference, it achieves high accu-
racy and stability, rendering it suitable for ultra-low-power IoT and biomedical applications. Notably,
this circuit achieves a process variation of 1.34%c¢ /u for the voltage reference and 1.75%c /. for the
current reference, without requiring external trimming circuitry. These results significantly exceed the

performance of current state-of-the-art solutions in terms of both power efficiency and design simplicity.

The second design, a 0.80V, 593pA trim-free duty-cycled current reference, offers a low-power so-
lution for IoT applications requiring precise current generation. By leveraging duty-cycling techniques,
this circuit achieves high accuracy while consuming minimal power, making it suitable for battery-
powered devices with stringent energy requirements. The proposed design achieves a line sensitivity of
0.12% and a temperature coefficient (TC) of 378ppm/°C across a broad temperature range from -40°C
to 100°C, with a power consumption of only 4nW after duty-cycling. The integration of duty cycling
has emerged as a highly effective method for enhancing power efficiency while ensuring the accuracy
and stability of reference current values. This work introduces the capability for active 2% duty-cycled
operation through the use of transmission gate-based duty-cycling circuitry, resulting in significant im-
provements in power consumption. The aforementioned specifications make it a compelling choice for

a wide array of ultra-low-power IoT and biomedical applications.

The third design, a 0.6V, 13nW PVT-invariant voltage reference, provides a solution for maintaining
voltage stability across process, voltage, and temperature variations. This circuit achieves a remarkably
low power consumption and line sensitivity, making it suitable for applications where maintaining volt-
age accuracy under varying conditions is essential. THe achieved specification for the above work make

it suitable for ultra low power loT and biomedical applications.
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6.1 Future Works

While the designs presented in this thesis have demonstrated exceptional performance in terms of

power efficiency and functionality, there are several avenues for further research and improvement.

* Process Invariant circuit : Process-Invariant Circuit: Utilizing a circuit known as a Vth extractor,
we can monitor the threshold voltage of the MOSFET across process corners. This capability
enables us to effectively mitigate the process variation effects attributed to Vth, minimizing their

impact.

* Developing voltage and current references with a supply voltage of less than 0.4V is beneficial

for applications that require lower supply voltages.
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